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EDITORIAL REVIEW
Response of ammonia metabolism to acute acidosis
It is well recognized that the kidney responds to sustained
metabolic acidosis with a variety of metabolic adaptations. The
metabolic pathways involved in renal ammonia formation, the
potential rate-limiting steps, and the enzymatic modifications
that accompany chronic metabolic acidosis have been the
subject of several detailed reviews [1—41. On the other hand,
relatively little attention has been focused on the metabolic
response which precedes the adaptations that characterize the
chronic acidotic state, that is, the effect of acute acidosis or a
low pH, per Se, on renal metabolism.
It is widely appreciated that acute metabolic acidosis results
in an increase in urinary ammonium excretion. The effect of
acute respiratory acidosis on ammonium excretion is unclear,
but an increase may also accompany this form of acidosis [5—91.
The urinary response to acute metabolic acidosis has been
considered to be dependent on the redistribution of ammonia to
a more acid urine; however, recent data suggest that renal
ammonia production may also be altered.
This review considers the direct effect of pH on renal
metabolism, a subject that has recently received intense investi-
gation. The effect of acute acidosis or a low pH, per se, on
metabolism is important in its own right, and also because it
may provide insight into both the signals initiating and the
mechanisms responsible for the adaptive response to chronic
acidosis. Acute acidosis in vivo will be considered as confined
to events that occur in the first 2 hr following a decrease in
systemic pH. Within this time interval none of the changes that
characterize the adaptation to chronic acidosis have been
identified [1]. The direct effect of a low pH on a variety of in
vitro experimental systems has been examined. It will be
apparent that considerable confusion has resulted from the
discrepancies between the in vivo and in vitro response to a low
pH, as well as from the variable response of different in vitro
systems and of different animal models. To be confident that an
effect of a low pH has been delineated, reasonable consistency
between experimental data gathered under a variety of condi-
tions, or explanations for the inconsistencies, are required.
Based on these criteria, we will indicate those concepts that
seem well defined as well as those which remain unclear. Most
experimental data, both in vivo and in vitro, have been accumu-
lated in the dog and rat. In view of the evidence that they may
differ, each species will be considered separately, as well as
contrasted with each other.
The multiple pathways in the kidney capable of ammonia
production have been reviewed in a recent publication from this
laboratory [1] as well as by other investigators [2—4]. They are
depicted in Figure 1 and the reader is referred to [1] for a
detailed discussion. It is generally believed that the intramito-
chondrial glutamine utilizing pathway primarily regulates renal
ammonia production, although there still is no definitive evi-
dence to exclude an important role for alternative ammonia-
forming mechanisms. Nevertheless, virtually all the data rele-
vant to acute acidosis focus on the mitochondrial, phosphate-
dependent glutaminase pathway.1
Extrarenal glutamine metabolism
Although conflicting data exist regarding whether glutamine
is the predominant precursor of renal ammonia production
under normal acid-base condition, there is overwhelming evi-
dence that it is the primary substrate under conditions of
chronic metabolic acidosis [1]. Its role in acute acidosis will be
considered in the next section, but suffice to say that increased
ammonia production in this setting also results from increased
renal glutamine utilization. Therefore, a concurrent alteration in
glutamine metabolism at non-renal sites is required to sustain
plasma glutamine levels. Since extrarenal as well as renal
metabolism of glutamine is modified in response to acute as well
as chronic acidosis, the metabolic changes at both sites will be
addressed [11].
Extrarenal sites of glutamine metabolism
Several problems confront investigation of extrarenal gluta-
mine metabolism. Quantitative analysis of organ glutamine
metabolism in vivo may be misleading if plasma rather than
whole blood glutamine is measured, since transport from the
red blood cell and plasma compartments may differ [12].
Accurate measurement of whole blood glutamine is difficult,
however, and therefore most studies have utilized plasma
values. The recent observation that adipocytes can produce
glutamine from branched chain amino acids complicates the
interpretation of hindlimb studies, which have been presumed
to reflect muscle metabolism alone [131. Finally, in vitro studies
are complicated by use of the appropriate conditions, since
concentrations of the key substrates appear to critically influ-
ence the response observed [141. Given these reservations, the
following observations have been made.
Response of the dog to acute acidosis (Table 1)
Plasma glutamine concentration. The response of plasma
glutamine concentration to acute acidosis is unclear. Some
investigators have found an increase [15—18], while others
report no significant change [19—21].
Gastrointestinal and hepatic metabolism. The gastrointesti-
nal tract, which contains phosphate-dependent glutaminase
(PDG), has the capacity to deamidate glutamine to glutamate.
1
1 Halperin and his co-workers [10] proposed recently that renal
ammoniagenesis might be modulated by the rate of renal ATP utiliza-
tion. The implications of this provocative hypothesis for the response to
acute acidosis are not considered herein, since this thesis has not yet
undergone direct experimental validation.
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Mitochondrion
Fig. 1. Pathways of renal ammoniagenesis. Abbreviations used are: OAA, oxalacetate; alpha KG, alpha ketoglutarate; Ac CoA, acetyl-CoA;
PEP, phosphoenolpyruvate; GABA, gamma aminobutyric acid; gamma GT, gamma glutamyl transferase; GKA, glutamine ketoacid aminotransfer-
ase; PNC, purine nucleotide cycle; PEPCK, phosphoenolpyruvate carboxykinase; PDH, pyruvate dehydrogenase; PDG, phosphate-dependent
glutaminase; GDH, glutamate dehydrogenase; GOT, glutamate oxalacetate transaminase. See [I] for discussion. (Reprinted with permission from
[I]).
In turn the glutamate can be transaminated to alanine [15, 17,
22—28]. Liver has the metabolic capacity to both extract and
produce glutamine. Glutamine can be deamidated through the
PDG pathway and ultimately result in either urea or other
amino acids. Alternatively, hepatic tissue can convert ammonia
into either urea or amino acids including glutamine [15, 19, 23,
24, 29—33].
Two studies have examined the response to acute metabolic
acidosis in the intact animal by sampling arterial and venous
blood, but the results are somewhat inconsistent [15, 17]. One
group found an increased rate of gastrointestinal tract glutamine
extraction while the other reported no change. Although both
found a decrease in hepatic glutamine utilization, one reported
actual net hepatic synthesis while the other found a decreased
rate of extraction.
Skeletal muscle metabolism. Muscle tissue, which contains
glutamine synthetase, is considered to be the major site of
glutamine synthesis. However, neither study of intact dog
discussed above found a change in hindlimb glutamine produc-
tion in response to acute acidosis [15, 17].
Response of the rat to acute acidosis (Table 1)
Plasma glutamine concentration. Substantial evidence indi-
cates that plasma glutamine levels increase in response to both
acute metabolic and respiratory acidosis [19, 34—37]. This
contrasts with the slight decrease in plasma glutamine levels
which accompany chronic metabolic acidosis [35].
Gastrointestinal and hepatic metabolism. In vivo data on the
response to acute acidosis have not been obtained in the rat,
and the in vitro data are meager. Slices of gut removed from
animals 2 hr after an acute ammonium chloride load do not
demonstrate altered ammonia production when incubated in
vitro [26]. Isolated enterocytes decrease glutamine uptake
slightly when incubated in an isohydric low bicarbonate medi-
um, but the effects of a low pH have not been reported [23].
The isolated perfused liver responds to a reduction in perfus-
ate pH, achieved by alteration of either the bicarbonate concen-
tration or Pco2, with a decrease in glutamine extraction and
under certain conditions net glutamine synthesis is demonstra-
ble [29, 31, 33]. Consistent with the activation of hepatic PDG
by bicarbonate, hepatocytes decrease glutamine metabolism at
incubation in a low bicarbonate, isohydric medium [22, 23, 30].
Muscle metabolism. Both measurements of arteriovenous
differences in vivo and perfusion of the isolated hindlimb
suggest that muscle glutamine synthesis is stimulated by acute
metabolic acidosis [31, 34].
Summary
Thus, the rat responds to acute acidosis with an increase in
plasma glutamine concentration, which appears to be due, in
part, to an increase in muscle glutamine synthesis. By contrast,
muscle glutamine synthesis is unaltered in the dog, and there is
no clear increase in plasma glutamine levels. Gastrointestinal
tract glutamine metabolism has not been studied intensively and
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Table 1. Effect of acute acidosis or a low pH in vitro on glutamine
metabolism
Dog Rat
Extrarenal glutamine metabolism
Plasma glutamine concentration NC or f
GI tract extraction ? ?
Hepatic extraction C C
Muscle synthesis NC t
Renal glutamine utilization and NH3 production
Invivo orNC '
In vitro
Slices C or C C or NC
Tubules NC
Mitochondria C or C C a
Perfused kidney — C
Abbreviation and symbols: NC, no change; C increase; C.
decrease.
a When alpha KG and glutamine are in incubation medium NH3
production is increased.
the effects, if any, of acute acidosis are unresolved. Both in vivo
and in vitro data suggest that hepatic glutamine extraction is
diminished by acute acidosis, regardless of the species
investigated.
Renal glutamine metabolism and NH3 production. Response
of the dog to acute acidosis (Table 1)
In vivo experiments
Several groups have investigated the response to acute
metabolic as well as respiratory acidosis in the intact dog. Most
investigators have not found a change in renal ammonia produc-
tion or glutamine extraction in response to either form of acute
acidosis [15, 16, 19, 20]. However, acute acidosis decreases
RBF and GFR; therefore both glutamine extraction and ammo-
nia production factored by RBF were increased by acute
acidosis. Recently the response to acute respiratory acidosis
was investigated under conditions where RBF was sustained by
a concurrent dopamine infusion [181. Both glutamine extraction
and ammonia production were increased significantly by hyper-
capnia under these conditions; whereas in studies where RBF
was permitted to fall, glutamine extraction was unchanged and
ammonia production was increased to a lesser degree. These
studies suggest that acute respiratory acidosis does stimulate
ammonia formation by the dog kidney.
Two recent abstracts also reported increased ammonia pro-
duction and glutamine extraction with an acute hydrochloric
acid infusion [21, 381. However, these changes are difficult to
interpret since they were replicated in one study by an acute
saline infusion [21].
In vitro experiments with glutamine as substrate
In vitro experiments in the dog generally suggest that an
acidic pH does not directly stimulate renal ammoniagenesis.
Utilizing renal cortical slices, one group reported increased
ammonia production when incubations at pH 7.0 were com-
pared to 7.7 [39], but others report no change in either ammonia
production or glutamine consumption between incubations at
pH 7.1, 7.4, and 7.7 [40, 41]. In addition pH alterations of the
incubation medium have no effect on glutamine metabolism by
renal cortical tubules [40].
Simpson and Adams [42] have investigated isolated renal
cortical mitochondria incubated with glutamine as substrate and
rotenone to prevent glutamate deamination. In an initial publi-
cation, Hepes was utilized as a buffer and a low pH inhibited
glutamine deamidation [42]. In recent studies from their labora-
tory a bicarbonate buffer system was used. Under these condi-
tions a low pH increased mitochondrial glutamine metabolism
indicating that either glutamine transport into the mitochondria
and/or the activity of PDG was stimulated [43]. It is difficult to
reconcile these findings with the data in tubules and slices,
which suggest the lack of a pH effect; but it should be noted that
mitochondrial studies in the absence of rotenone have not been
reported.
Summary
Thus, the data both in vivo and in vitro are inconclusive
regarding whether acute acidosis stimulates either renal ammo-
nia production or glutamine utilization by the dog kidney.
Nevertheless, there are isolated in vivo and in vitro observa-
tions which raise the possibility of stimulation. Therefore, the
renal, as well as the extrarenal, response to acute acidosis by
the dog is not completely resolved.
Response of the rat to acute acidosis (Table 1)
In vivo experiments
All investigators have reported an increase in both renal
ammonia production and glutamine utilization in response to
either acute metabolic or respiratory acidosis in the rat [19, 37,
44]. The in vitro experimental findings are also quite similar
between laboratories, but, the response to acidosis differs
strikingly depending on the experimental technique employed.
Therefore, each method will be considered separately.
In vitro experiments with glutamine as substrate
Renal cortical slices and tubule suspensions. Multiple studies
have found either no change or a decrease in ammonia produc-
tion, when slices are incubated at a low pH [40, 45—51]. In
contrast to the findings with slices, two recent studies have
reported an increase in ammonia production and glutamine
utilization, when cortical tubule suspensions are incubated in an
acidotic medium [40, 52]. These changes occur when the
medium is acidified either by decreasing the bicarbonate con-
centration or increasing the partial pressure of carbon dioxide.
Renal cortical mitochondria. All investigators agree that
incubation of rat renal cortical mitochondria in an acidic
medium with glutamine as the sole substrate diminishes ammo-
nia production [43, 53—55]. These results occur when mitochon-
dna are incubated without inhibitors as well as in the presence
of rotenone [55]. Thus, a low pH inhibits either glutamine
transport into mitochondria and/or the activity of PDG. Kinetic
studies of the isolated enzyme clearly demonstrate that a low
pH inhibits renal PDG activity [55]. A recent study, in which
mitochondria were incubated with both glutamine and alpha
ketoglutarate, contrasts strikingly with the findings of studies
utilizing glutamine alone [56]. In the presence of alpha KG, a
low pH stimulated rather than inhibited mitochondrial ammo-
niagenesis. The potential mechanism will be considered subse-
quently, but this observation seems to resolve one major
inconsistency between the in vivo and in vitro observations.
Isolated perfused kidney. Recent studies have demonstrated
that the isolated perfused kidney responds to acute metabolic
acidosis in a fashion similar to the intact organ [57]. Fractional
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sodium reabsorption is decreased, urine pH falls, and urinary
ammonium excretion is increased. An earlier study using an
isolated perfused kidney without these functional characteris-
tics, reported no change in ammonia production in response to
acute acidosis [58]. However, our studies with the isolated
perfused kidney have consistently demonstrated an increase in
ammonia production in response to acute metabolic acidosis,
when physiologic concentrations of glutamine are used as
substrate. In their original study, Tannen and Ross [57] found a
striking correlation between the increase in ammonia produc-
tion and the decrease in urine pH. They proposed that urine
acidification and the consequent trapping of ammonia in the
urine were critical for an increase in ammonia production to
transpire. However, recent studies which have found compara-
ble stimulation of ammoniagenesis with respiratory acidosis,
without either substantial urine acidification or an increase in
urinary ammonium excretion, suggest this hypothesis is incor-
rect [59]. Rather, it appears that a low systemic pH directly
stimulates renal ammoniagenesis.
A surprising and unexplained finding is that the ammonia-
genie response to acute acidosis (both metabolic and respira-
tory) is markedly attentuated and perhaps completely abolished
when urine is allowed to drain back into the recirculating
perfusate [59]. These studies suggest that an inhibitor of the
ammonia stimulating effect of a low pH is excreted in the urine,
Although the characteristics of the inhibitor are undefined, it
does not appear to be either potassium, calcium, glutamate, or
ammonia [59, 60]. The relevance of this inhibitor to events in
the intact animal has not yet undergone exploration.
Summary
The results of in vivo experiments in the rat, supported by the
in vitro observations with cortical tubule suspensions and the
isolated perfused kidney, indicate that a low pH directly
stimulates renal ammonia production. On the other hand, it is
not entirely clear how to reconcile the lack of an ammoniagenic
response to an acidotic environment by renal cortical slices, the
perfused kidney with urinary return, and perhaps by isolated
mitochondria.
The recent experiments by Schoolwerth et al [561 seem to
resolve the disparate results with isolated mitochondria, since
utilization of the wrong in vitro conditions is a recognized
hazard of experiments using isolated organelles. Their observa-
tion that a low pH can stimulate ammonia production if alpha
KG is included in the incubation medium, indicates that a pH
effect on the whole organ might result from an alteration in the
intramitochondrial ammonia producing pathway. It remains
paradoxical, however, that under conditions with glutamine as
substrate a low pH inhibits ammonia production by mitochon-
dna from rats, whose whole kidneys demonstrate enhanced
ammonia production while it stimulates ammoniagenesis by
mitochondria from the dog, which does not exhibit a clearcut
increase in renal ammoniagenesis during acute acidosis. The
lack of a response by renal cortical slices in contrast to cortical
tubule suspensions and the isolated perfused kidney poses a
greater dilemma, but several possible explanations are worth
consideration. First, slices incubated at 370 C do not maintain a
normal intracellular electrolyte content [61], while the intracel-
lular milieu seems to be sustained by both cortical tubule
suspensions and the isolated perfused kidney [62—63]. This
could be an important requisite for the response to a modifica-
tion in ambient pH. Secondly, in studies utilizing tubules
incubation was carried out for 30 mm, while slices underwent
60- to 90-mm incubations. In view of the observation with the
perfused kidney that an inhibitor of ammonia formation may be
produced, longer incubations might be more likely to unmask
the inhibitory effect. Another explanation that has been sug-
gested is that penetration of glutamine into the slice might be
less efficient and thereby rate limiting for ammoniagenesis [40].
This possibility seems difficult to reconcile with the capacity for
slices from chronically acidotic rats to produce substantially
more ammonia. On the other hand, slices and tubules do differ
in terms of the sites for glutamine penetration into the cell,
which are predominantly basolateral in the slice but include
luminal as well as basolateral penetration in tubules [64]. In the
perfused kidney luminal and antiluminal entry of glutamine also
occurs. It seems unlikely that the site of entry into the cell
would modify ammonia production by the intramitochondrial
PDG pathway, but gamma glutamyl transpeptidase, an enzyme
with ammonia-producing capacity is largely located in the brush
border [65, 66]. If this enzyme system participates in the
increase in ammonia production that accompanies a low pH,
the effect might only be apparent in preparations that permit
glutamine access to the luminal membrane. Another possibility
could be the necessity in some fashion for H+ secretion into the
luminal fluid so ammonia production can be stimulated by a low
pH.
It should be emphasized that all these possibilities might
explain why slices behave differently than tubules and the
isolated perfused kidney. None of them, other than the possibil-
ity of an inhibitor, would account for the different response of
tubules and the perfused kidney with urinary drainage into the
perfu sate.
Contrast between the rat and dog
As emphasized already, the evidence that acute acidosis
stimulates renal ammoniagenesis in the rat is quite convincing.
By contrast, the data in the dog are unclear. Some in vivo
observations suggest that a low pH stimulates ammonia produc-
tion, but studies with cortical tubule suspensions are not
supportive. There are a number of differences in renal ammonia
metabolism in the two species which might account for dissimi-
larities in the effect of a low pH. We have already noted that the
mitochondrial response to a low pH differs. It is well known
that unlike the rat, the enzymes PDG, GDH, and phosphoenol-
pyruvate carboxykinase (PEPCK) do not undergo adaptation in
the dog under conditions of chronic metabolic acidosis, al-
though both species demonstrate accelerated glutamine metab-
olism by isolated mitochondria [67]. Other defined differences
include the absence of gamma glutamyl transferase and gluta-
mine synthetase activity in the dog [67]. PEPCK is present both
in the mitochondria and cytosol of the dog kidney, but has only
a cytosolic location in the rat [68, 69]. Although it has been
suggested that the dog kidney oxidizes the carbon skeleton of
glutamine, whereas the rat kidney preferentially converts it to
glucose, recent experiments suggest that conversion of carbon
dioxide is not a major fate of glutamine in either species [41, 701.
However, when renal cortical slices are incubated in vitro, the
percentage of metabolized glutamine converted to alpha KG
appears to be greater in the rat than the dog; this may account
for the higher rate of glucose production in this species [41]. At
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this time the specific metabolic feature that might lead to the
divergent response to acute acidosis is unknown, but the
evidence suggests that the species might respond in a different
fashion. If so, the animal model that more closely resembles
humans remains unknown.
Metabolic site(s) at which pH alters NH3 metabolism
Information relative to the metabolic step or steps directly
influenced by a low pH has been gained from analysis of
metabolite concentrations in the freeze-clamped kidney in vivo
and in vitro, enzyme assays, the investigation of isolated
mitochondria, and the use of metabolic inhibitors. Whole tissue
measurements must be interpreted cautiously because of corn-
partmentation of metabolites within the cell. However, such
data can provide important clues to the underlying metabolic
events.
Dog (Table 2)
Although whether there is a change in ammonia production is
unresolved, a number of metabolic effects do accompany an
acute decrease in pH in the dog as well as the rat kidney. The
kidney from the dog exposed to acute acidosis demonstrates a
fall in glutamine, glutamate, and alpha ketoglutarate levels.
Malate is either increased or unchanged and phosphoenolpyr-
uvate concentrations remain unchanged [18, 191. The pattern of
response closely resembles that observed with chronic acidosis,
especially with acute respiratory acidosis which increases ma-
late levels comparable to chronic acidosis [18]. As already
noted, isolated mitochondria deamidate increased amounts of
glutamine when incubated at a low pH in a bicarbonate-buffered
medium suggesting stimulation of the glutamine transporter
and/or the activity of PDG. Despite a lack of change in ammonia
production, cortical slices and tubule suspensions respond to a
low pH with an increase in glucose production [39, 40].
Rat (Table 2)
A substantial amount of data exists regarding the changes in
metabolic intermediates in the in vivo as well as in vitro
perfused rat kidney in response to both acute metabolic and
respiratory acidosis. The glutamine response reported is incon-
sistent. Increases, decreases as well as no change have been
found [19, 71—74]. General agreement exists that glutamate
concentrations fall, and there is overwhelming evidence for a
decrease in alpha KG, which has been documented within 1.5
mm of a fall in pH using the perfused kidney [52]. Thus, the
changes in glutamate and alpha KG resemble the pattern in the
dog. Considerable controversy currently exists in regard to
malate. Some investigators report a decline within the first 30
mm [73, 75], while others dispute this early change [19, 52]. All
agree, however, that the levels definitely decrease after 45 mm
of acidosis and remain low in chronic acidosis [19, 7 1—74]. This
is strikingly different from the dog, where the levels never fall
and rise when acidosis is sustained [19]. PEP levels do not
change early in acute acidosis [19, 72, 73], but an increase is
apparent after 2 hr which coincides with the increase in PEPCK
synthesis [19, 74, 76].
The effect of pH on mitochondrial metabolism has been
examined in detail by tracing the flux of glutamine nitrogen and
carbon through the intramitochondrial metabolic pathway [53,
54]. Isolated mitochondria from rat cortex incubated with
Table 2. Effect of acute acidosis or a low pH in vitro on renal
metabolism
Dog Rat
Renal tissue metabolic concentrations
Glutamine
Glutamate
Alpha ketoglutarate
Malate NC or
Phosphoenolpyruvate NC
NC
or NC
NC
Mitochondrial metabolic flux rates
Glutamine deamidation —
Glutamate deamination —
Alpha ketoglutarate decarboxylation — t
Metabolism of glutamine by slices and tubules
NH3 production (see Table 1)
Glucose production I
Abbreviation and symbols are the same as those in Table 1
glutamine as the sole substrate decrease ammonia production in
a low pH [53—55]. This response is apparent whether rotenone
is present or absent from the incubation medium [55]. Analysis
of metabolite fluxes indicate that a low pH diminishes both
glutamine deamidation and glutamate deamination by directly
inhibiting both enzymatic processes [53]. Intramitochondrial
glutamate concentration does not change [53], but alpha KG
levels decrease significantly upon incubation in a low pH [77].
As noted previously, increased ammonia production, which is
primarily the result of accelerated glutamate deamination, ac-
companies a low pH when alpha KG as well as glutamine is
present in the media [56]. The effect of pH on alpha KG
metabolism has undergone intense investigation recently and
will be addressed in the next section.
Although ammonia production by cortical slices is not altered
by a low pH, glucose production is stimulated [47, 50, 51, 78].
When tubule suspensions are studied, both ammonia and glu-
cose production are increased [40, 52]. These alterations in
tubule glutamine metabolism are accompanied by a decrease in
tissue alpha KG concentration, but neither glutamate nor
malate concentrations are decreased [40, 52].
Finally, useful insight has been obtained from experiments in
which the isolated rat kidney is perfused with glutamine and
mercaptopicolinate, an inhibitor of PEPCK. Under these condi-
tions acute metabolic and respiratory acidosis both increase
renal ammonia production [79]. Tissue malate and asparate
concentrations are both increased by the inhibitor, presumably
due to an increased oxaloacetate level resulting from inhibition
of its conversion to phosphoenolpyruvate. The decrease in
glutamate levels is attentuated, but freeze clamp data indicate
that tissue alpha KG levels fall in response to a low pH to the
same degree as in the absence of the inhibitor [71].
Summary and comparison of dog and rat
In both species glucose production from glutamine is stimu-
lated by a low pH with either cortical slices or tubule suspen-
sions despite the disparity in the response of ammonia produc-
tion. This strongly suggests that a low pH stimulates one or
more metabolic events beyond glutamine conversion to gluta-
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mate.2 Furthermore, in the dog as well as in the rat, acute
acidosis strikingly decreases renal tissue alpha KG levels and
also consistently reduces glutamate concentrations, These
changes, which occur despite a different response of tissue
malate in the two species, suggest the possibility of a modifica-
tion in the pathway between glutamate and malate, Persistence
of the change in alpha KG and to some degree in glutamate
levels under conditions where PEPCK is blocked in the per-
fused rat kidney and malate concentrations actually elevated
further supports this contention. Finally, data with isolated
mitochondria from rats clearly indicates that a low pH can
inhibit glutamate deamination. Taken together these observa-
tions strongly point to a potential effect of a low pH on alpha
KG conversion to succinate. Recent data have shed consider-
able light on the pH regulation of intramitochondrial alpha KG
metabolism and its importance in accounting for the changes in
tissue metabolites that result with a low pH. These data, as well
as their potential role in overall ammoniagenesis, are consid-
ered in the next section.
pH regulation of alpha ketoglutarate dehydrogenase
It appears to be a virtually universal finding in all systems
studied that a low pH decreases alpha KG levels. This has been
convincingly demonstrated in the intact animal, the isolated
perfused kidney, and tubules incubated in vitro. Furthermore,
the demonstration that alpha KG levels also falls in isolated
cortical mitochondria, indicates that it does not solely represent
a cytosolic phenomenon 77].
The decrease in alpha KG concentration in the isolated
kidney perfused with mercaptopicolinate in the medium, a
condition in which PEPCK is blocked and malate levels in-
creased, suggests that the fall is not the result of a metabolic
"pull" phenomenon related to PEPCK activation. It also points
toward an effect on a metabolic step between alpha KG and
malate. This hypothesis is supported by the fall in alpha KG in
the dog kidney without a decline in malate and the fall in rat
tubules incubated in a low pH, where again malate levels do not
decrease and may actually rise.
Two laboratories have now shown that a low pH alters the
kinetics of renal alpha KG dehydrogenase by lowering the Km
without influencing the Vmax [52, 56]. Our studies of intramito-
chondrial flux rates from alpha KG to succinate have shown
that a low pH stimulates this enzymatic conversion while a high
pH inhibits it [77, 82]. Thus, both isolated enzyme measure-
ments and an assessment of intramitochondrial metabolic flux
clearly indicate that a low pH stimulates alpha KG conversion
to succinate and presumably diminishes tissue alpha KG con-
centrations by this mechanism. Of interest, chronic acidosis
neither modifies the amount of enzyme present nor the alpha
KG flux rate [52, 77].
Enhanced conversion of alpha KG to succinate may account
2 When glutamate, rather than glutamine, is used as substrate, a low
pH stimulates ammonia production by cortical slices from both dogs
and rats [46—48, 80, 81]. Although this appears consistent with the
stimulation of the glutamate dehydrogenase reaction, these data are
difficult to interpret meaningfully since glutamate poorly penetrates
renal cortical mitochondria and extramitochondrial glutamate is not
metabolized in the same fashion as glutamate produced intramitochon-
drically from glutamine [53].
for the increase in gluconeogenesis in response to a low pH, but
this does not exclude the possibility of other enzymatic modifi-
cations more distal in the gluconeogenic pathway. It also raises
the possibility that stimulation of alpha KG metabolism might
account for increased ammonia production by the so-called
"metabolic pull" phenomenon. This hypothesis would suggest
that the fall in alpha KG concentration stimulates glutamate
conversion to alpha KG with a resultant decrease in glutamate
concentration. The low glutamate concentration, in turn, re-
sults in the deinhibition of PDG activity and thereby accelerates
glutamine deamidation.
First, would the fall in alpha KG account for a decrease in
glutamate concentration? A fall in alpha KG could decrease
glutamate concentration by stimulating flux through glutamate
dehydrogenase or alternatively through the glutamate transami-
nase reaction, which converts glutamate to alpha KG and
oxaloacetate to aspartate and is also thought to be a near
equilibrium reaction. Direct measurements from our laboratory
indicate that a fall in intramitochondrial alpha KG levels are not
necessarily accompanied by a decrease in glutamate concentra-
tion. On the other hand, if the GDH reaction functions at near
equilibrium, an acidosis-mediated fall in glutamate concentra-
tion would require a larger decrease in alpha KG than increase
in H+ concentration intramitochondrially, since both are end
product inhibitors of the reaction. The recent data by School-
werth et al [56] indicate that intramitochondrial pH falls to a
lesser extent when the pH is lowered with alpha KG present in
the incubation medium. Thus, it is possible that under the
appropriate conditions stimulation of alpha KG metabolism by
a low pH might account for the observed fall in glutamate by
accelerating glutamine deamination. Additional data are re-
quired to resolve this issue. However, the converse has been
demonstrated in our laboratory by the addition of pyruvate to a
mitochondrial incubation medium containing glutamine [831.
Under these experimental conditions, intramitochondrial alpha
KG levels increased, glutamate deamination diminished strik-
ingly and intramitochondrial glutamate concentration doubled.
Finally, the observations by Schoolwerth et al [56] raise the
possibility that the primary stimulation of alpha KG metabolism
might be the determinant of increased ammonia production.
Although the mitochondrial data are provocative, studies with
whole kidney suggest the issue is more complex. In the isolated
kidney which cannot eliminate urine, alpha KG and glutamate
levels decrease but ammonia production may not be stimulated
[59, 71]. If the fall in alpha KG, and perhaps even glutamate, is
the result of enhanced alpha KG metabolism, other mechanisms
must be required for stimulation of ammonia production.
In addition to the effect on alpha KG, other effects of pH on
the TCA cycle may be important in altering ammonia produc-
tion and the metabolite pattern of acute acidosis, but this issue
requires further clarification. Using isolated mitochondria incu-
bated with rotenone and TMPD-ascorbate as an energy source,
Simpson and Hager [75] have found that a low pH stimulates
mitochondrial uptake of citrate as well as virtually all the other
anionic constituents of the TCA cycle. They proposed that this
may account for the fall in renal tissue levels of several
metabolic intermediates by accelerating their metabolic conver-
sion. It should be noted, however, that enhanced metabolism of
most TCA cycle intermediates appears to decrease ammonia
production, by either increasing alpha KG levels or altering the
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redox state of the mitochondria. In fact, it has been suggested
by other investigators that the efflux rate of dicarboxylates from
the mitochondria is critical for ammoniagenesis $4, 85] and
experiments using mitochondria incubated with glutamate or
glutamine suggest that a low pH stimulates malate efflux [77,
86].
Numerous studies with whole kidney tissue demonstrate that
TCA cycle intermediates or their precursors inhibit ammonia
production [I]. The recent data by Schoolwerth et al [56] and an
earlier report by Goldstein [87] show that addition of alpha KG
to the incubation medium inhibited ammonia production by
renal cortical mitochondria, although a low pH increased am-
monia production from this inhibited state. Similarly our labora-
tory has noted inhibition of ammonia production when isolated
mitochondria are incubated with either citrate or pyruvate in
addition to glutamine [83]. Since a high bicarbonate increased
pyruvate dehydrogenase activity [89], metabolic acidosis might
diminish pyruvate entry into the TCA cycle and thereby stimu-
late ammonia production. However, our studies with isolated
mitochondria indicate that a low pH inhibits ammonia produc-
tion even when pyruvate is present in the incubation medium
[83]. Additional investigation of the effects of pH on TCA cycle
metabolism and its relationship to ammonia regulation should
be forthcoming.
To summarize, there is clear evidence that a low pH directly
stimulates alpha KG conversion to succinate. This probably
accounts for the fall in tissue alpha KG levels in acute acidosis
and may be responsible for the decrease in glutamate levels. Its
role in the overall regulation of ammoniagenesis requires clarifi-
cation, but it appears that other metabolic events are also
crucial.
Effect of a low pH versus a low bicarbonate
There are several examples where a low bicarbonate, inde-
pendent of a change in pH, can modify metabolic processes [22,
23, 90]. Therefore, it is pertinent to specifically consider
whether a low pH, per se, is responsible for the metabolic
events detailed in the preceeding sections. In fact, virtually
every metabolic effect appears to be the result of a low pH, as
demonstrated by an examination of respiratory, as well as
metabolic, acidosis. These observations do not eliminate an
additional selective influence of bicarbonate, but this issue has
not undergone an equally extensive examination. Those in-
stances in which isohydric manipulations of bicarbonate have
been investigated will be indicated.
The stimulation of ammonia production in the intact rat, the
isolated perfused kidney, and tubule suspensions have all been
demonstrated with respiratory as well as metabolic acidosis [37,
44, 52, 591. The changes in renal tissue concentrations of
metabolites in the intact kidney [19, 72—74], perfused kidney
[52, 71], and tubule suspensions [40, 52] have also been found
with respiratory acid-base manipulations, as well as the stimula-
tion of gluconeogenesis. Inhibition of ammonia production by
Goldstein 1871 has suggested that extramitochondrial alpha KG
directly inhibits the mitochondrial glutamine transporter, but a recent
publication by Strzelecki and Schoolwerth [881 disputes this conclu-
sion. As indicated previously Goldstein's studies carried out with
rotenone do not exclude the possibility of inhibition via the conversion
of alpha KG to glutamate [11.
isolated rat mitochondria has also been observed with simulated
respiratory acidosis, but other aspects of mitochondrial func-
tion have not been investigated [55].
Isohydric reduction in bicarbonate concentration stimulates
gluconeogenesis by renal cortical slices [91] and tubules [22, 23]
incubated with glutamine as substrate and accelerates citrate
metabolism by isolated mitochondria [92]. Baverel and Lund
[23] have recently suggested that a low bicarbonate inhibits
glutamate dehydrogenase. But, their conclusions based on an
examination of glutamine metabolism by rat cortical tubules to
ammonia and 4C02 are not definitive because specific activity
of the alpha KG pool was not assessed. Of interest, their results
demonstrate that an isohydric reduction in bicarbonate, in
contrast to a decrease in pH, does not stimulate ammonia
production from glutamine by rat cortical tubule suspensions
[23].
The extrarenal manifestation of a low pH have not been
examined in great detail. Plasma glutamine levels increase with
both metabolic and respiratory acidosis in the rat, but increased
muscle glutamine synthesis has not been studied in respiratory
acidosis. Diminished hepatic glutamine utilization occurs with
both metabolic and respiratory acidosis [29]. One study also
suggests a direct effect of a low bicarbonate concentration,
which would be compatible with the stimulation of hepatic PDG
by bicarbonate [23, 301
pH influence on activators or inhibitors of NH3 formation
To this point, the direct effects of pH on renal metabolism
have been considered. Because a variety of factors, other than
pH, can influence ammonia formation, it is appropriate to
consider the possibility that the effect of acute acidosis may be
modulated through these mechanisms.
Adrenal hormones. Aldosterone and glucocorticoids can
each enhance renal ammonia production and acute acidosis
stimulates release of both adrenal hormones [93—96]. A recent
study in adrenalectomized rats suggests that the rise in plasma
glutamine level may be glucocorticoid dependent, possibly via
its effects on muscle metabolism [35]. Nevertheless, increased
renal glutamine extraction occurred in the adrenalectomized
rat, indicating that neither the rise in plasma glutamine nor the
presence of adrenal hormone was required for the alteration in
renal metabolism [35]. This is consistent with the response of in
vitro preparations to pH where extrarenal hormones are absent
and glutamine concentrations fixed.
Stimulatory and inhibitory factors. Alleyne and Roobol [97]
have described a factor present in the plasma of acutely acidotic
rats, which stimulates ammonia production by cortical slices in
vitro. A similar observation, using slices from acidotic but not
normal rats, has been reported by other investigators [98]. The
nature of this substance is unknown, but it may act by altering
the kinetics of PDG [99]. It is also not entirely clear whether an
actual stimulatory substance is produced by acute acidosis or if
an inhibitory factor is removed. Furthermore, if the factor is
crucial for enhanced ammonia production, it must be produced
by renal tissue in view of the response of the isolated perfused
kidney and tubule suspensions to a low pH.
Experiments with the isolated perfused kidney which indicate
that renal tissue produces an inhibitor of ammonia production in
response to a low pH were discussed previously in the section
on Response of the rat to acute acidosis (Table I).
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Calcium. Experiments with rat cortical slices and tubules
have demonstrated a calcium influence on glutamine metabo-
lism and glucose production at both an acidotic and normal
incubation medium pH [48, 100, 101]. However, a modulating
effect of ambient calcium is only apparent when the concentra-
tion is less than 0.5 mM. This suggests that under physiologic
conditions calcium may function as a necessary co-factor or
messenger rather than serve a primary regulatory function.
Potassium. Recent experiments from our laboratory suggest
that an acute increase in extracellular potassium with a concur-
rent increase in renal cellular concentration can directly inhibit
renal ammonia production [1021. The effect of an acute decrease
in renal cellular potassium stores is controversial [102]. In
studies with the perfused kidney no effect on ammoniagenesis
was discerned, but other investigators have reported a stimula-
tory effect when renal slices are used [103]. Although acute
acidosis can increase plasma potassium levels, renal as well as
other tissue potassium stores are thought to decrease concur-
rently [104]. Thus, acute acidosis conceivably might modify
ammonia production via a change in intracellular potassium
content. This theoretical possibility has not been subjected to
rigorous investigation.
Con clusion
Experiments in the intact animal and with in vitro systems
indicate that acute acidosis, both metabolic and respiratory,
stimulates glutamine utilization and ammonia production by the
rat kidney. Renal cortical slices are inadequate for examination
of acute pH manipulations, since they respond to a low pH
differently than the intact rat as well as other in vitro tech-
niques. Enhanced renal glutamine extraction is accompanied by
an increase in muscle glutamine synthesis. Hepatic glutamine
extraction is probably also diminished, but the relative quantita-
tive importance of altered hepatic metabolism is unclear.
In contrast to the rat, the response to acute acidosis by the
dog is unclear. Some evidence suggests that renal glutamine
utilization and ammonia production may be increased, but
muscle glutamine synthesis is not altered.
The specific metabolic events accounting for the increased
ammonia production by the rat are not well defined. Experi-
ments with isolated mitochondria indicate that a low pH inhibits
both glutamine deamidation by PDG and glutamate deamination
by glutamate dehydrogenase. However, in both the rat and dog
a low pH appears to stimulate the decarboxylation of alpha
ketoglutarate to succinate and also glucose production by the
renal cortex. The specific influence of these changes in gluta-
mine carbon metabolism on ammonia production remains to be
clarified.
Finally, provocative evidence exists that inhibitory and pos-
sibly stimulatory factors play an integral role in the acute pH-
mediated increase in ammonia production. The nature of these
factors is unknown, although an inhibitor is produced by renal
tissue.
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